Cellular uptake of macromolecules is a widely occurring phenomenon, the mechanism of which, at least for the case of bacteria, remains obscure. Bacterial transformation represents a useful system for the study of this phenomenon. This system guarantees that the macromolecule taken up by the cell, namely deoxyribonucleic acid (DNA), must retain a high degree of structural integrity, and also permits the measurement of uptake, which is reflected in the subsequent phenotypic expression of the genetic characters carried by the DNA.
Previous work involving investigations of the mechanism of entry of DNA has been carried out primarily with the pneumococcus (Fox and Hotchkiss, 1957; Lerman and Tolmach, 1957) and with Haemophilus influenzae (Barnhart and Herriott, 1963) , and has indicated the presence of an initial reversible binding of DNA, followed by a deoxyribonuclease-resistant (irreversible) phase. Evidence also was obtained that, after entry, DNA undergoes a single-stranded phase during which the donor genetic information is undetectable (Lacks, 1962 Studies on Bacillus subtilis have been less extensive. Anagnostopoulos and Spizizen (1961) and Nester (1964) studied the development of competence in B. subtilis, and Spizizen (1961, 1963) studied the incorporation of P32-labeled DNA during transformation. Finally, Kohiyama and Saito (1960) detected the presence of a lag, 2 to 4 min, in the appearance of transformants as a function of time. They suggested that this period was the time necessary for the synthesis of an inducible permease.
Although some information was obtained in these various studies concerning the adsorption of DNA to the cell and the final disposition of the donor material in the host cell, a notable lack of information is evident concerning the events which take place between the time of adsorption and the reappearance of the donor material as part of the host genome.
The purpose of this investigation has been to study the kinetics of DNA uptake in the B. subtilis transformation system to obtain information regarding the mechanism of DNA entry into the cell, as well as the factors which control this process. More specifically, the following questions can be posed: (i) Organisms. All strains of B. subtilis used in these experiments were derived from the tryptophan-requiring strain 168 (try2-) of Burkholder and Giles (1947) . Strain SB25 requiring tryptophan and histidine (try2-his2-) was isolated by E. Nester, University of Washington, Seattle, by ultraviolet irradiation of strain 168. An arginine-requiring strain, designated arg-77, was derived from strain 168 by ultraviolet irradiation; the tryptophan requirement was relieved by introduction of wildtype marker by transformation. This arginine lesion was found to be unlinked to either of the SB25 markers (Strauss, unpublished data). Strain 168 wild type was obtained by spontaneous reversion of strain 168 try2 to prototrophy.
Media. All media were based on the minimal mnedium of Anagnostopoulos and Spizizen (1961): (NH4) 2SO4, 0.2%; K2HPO4, 1.4%; KH2PO4, 0.6%; sodium citrate 2H20, 0.1%; MgSO4-7H20, 0.02%; glucose, 0.5%. The following variations were used: S-2-H, minimal medium to which were added L-tryptophan (50 ,ug/ml), L-histidine (50 ,ug/ml), and casein hydrolysate (acid; 0.02%); S-3-H, minimal medium to which were added Ltryptophan (5 ,ug/ml), L-histidine (50 ,ug/ml), casein acid hydrolysate (0.01%), and C,a'-dipyridyl (20 ,g/ml); minimal-yeast extract-lactate medium, minimal medium to which were added yeast extract (0.25%) and sodium lactate (1.5%).
Agar medium for assay of transformants consisted of minimal medium to which were added sodium lactate (0.024%) and 50,ug/ml of each of the Marmur (1961) , except lysozyme treatment was carried out in the presence of 20% sucrose, and lysis was accomplished by the addition of sodium lauryl sulfate (1%).
DNA concentration was determined by the method of Burton (1956) .
Preparation of cross-linked DNA. Wild-type DNA was treated with HNO2 as described by Geiduschek (1961) . That this DNA (HNO2-DNA) was cross-linked was indicated by the following: a 25% retention of transforming activity after thermal denaturation (Marmur and Lane, 1960) as opposed to 5% for native DNA; a hyperchromic shift of 7% after thermal denaturation as opposed to 31% for native DNA.
Transformation and assay procedures. Transformation was carried out by a modification of the method of Anagnostopoulos and Spizizen (1961) . The recipient strain was grown overnight (12 to 18 hr) at 37 C on a Tryptose Blood Agar Base slant, suspended in S-2-H medium, inoculated into S-2-H medium to an optical density of 17 to 18 (Klett, 540 mIA), and placed on a rotary shaker at 37 C. After a Klett reading of 170 to 190 had been attained (4 to 5 hr), the culture was diluted 10-fold with S-3-H medium and was replaced on the rotary shaker (37 C) for 105 min, at which time the cells were maximally competent. DNA was added to the culture, and samples were removed at intervals. The transformation was terminated as described below, and was plated for the assay of transformants. For those cases in which low frequencies of transformation were desired, cells were transferred from S-2-H to S-3-H at a Klett reading of 120. This procedure decreased the rate of appearance of transformants with time by approximately 10-fold.
Temperature studies were carried out by allowing the cells to attain competence in the usual manner. After 100 min in S-3-H medium, the culture flask was transferred to a bath of the desired temperature and was allowed to equilibrate for 5 min. DNA was added to the culture, and samples were removed for assay of transformants.
All samples were plated in duplicate, and the results are given as the average of the duplicate determinations. The standard deviation of such platings is 12%.
A final concentration of 1.5 ,ug/ml of DNA was used in all transformation experiments, except when otherwise indicated. This concentration was found experimentally to be the minimal saturating level of DNA under the conditions employed in these experiments.
Termination of transformation was accomplished either by the addition of deoxyribonuclease (50 ,ug/ml, final concentration) and MgSO4 (5 ,Amole/ml, final concentration), or by rapid dilution and washing of the cells with minimal medium after their retention on Millipore filters. The former procedure will be referred to in the text as the "deoxyribonuclease method"; the latter will be referred to as the "washing method."
Deoxyribonuclease-treated transformants were plated directly on agar medium, and transformants were counted in 24 to 48 hr. out at 37 C ( Fig. 1 and 2) 
try2h hiS2+ (linked).
The results were similar -to 283 VOL. E9, 1965 on October 27, 2017 by guest http://jb.asm.org/ Downloaded from those of the previously described experiments with respect to the duration of the lag and the shape of the kinetics curve. It was concluded from these experiments that the lag and the nonlinearity in the appearance of transformants are independent of any particular genetic trait, but seem to be characteristic of the B. subtilis transformation process in general when carried out under these conditions. Effect of temperature on the lag period. Figure 3 depicts the kinetics curve obtained at 26 C. The shape of the curve appears similar to that obtained at 37 C. Below 23 C, the total yield of transformants began to decrease drastically, and the curve obtained at 18 C assumed a sigmoidal appearance. It was evident, moreover, that the lag period was increased at 26 C. An Arrhenius plot of the relationship of the length of the lag period to the temperature is shown in Fig. 4 . The activation energy was calculated to be 13.9 kcal.
Kinetics of transformation of try2+ at 37 C by the washing method. The possibility that the kinetics are a function of the method used to terminate the transformation prompted the execution of the same experiment with a washing procedure to prevent further transformation. Transformation of SB25 to tryptophan independence was carried out at 37 C with the washing method to termi- This experiment indicates that, although transformation was not detectable by the deoxyribonuclease method for 1 to 1.5 min after the addition of DNA, effective binding of DNA to recipient cells began to take place as soon as the two were mixed.
Kinetics of transformation to try+ at 37 C by the delayed deoxyribonuclease method. Transformation of SB25 to tryptophan independence was carried out at 37 C. Samples of the transformation mixture were removed at intervals and washed as in the washing method. Instead of removing and plating the filter membrane containing the transformants, 10 ml of minimal medium were gently pipetted into the filter tower, the contents of which were allowed to stand at room temperature for 4 min (slightly longer than the lag period at 26 C). Deoxyribonuclease and MgSO4 were then added in final concentrations of 50 ,ug/ml and 5,umole/ml, respectively. After 1 min, the liquid was filtered through, and the filter membrane was removed and plated as described above. The results are shown in Fig. 6 . This experiment demonstrates both the immediate binding of DNA to recipient cells, as well as the subsequent acquisition of deoxyribonuclease resistance by these molecules during the 4-min waiting period. It further indicates that the lag shown in Fig. 1 is not an inevitable result of the 20 use of deoxyribonuclease.
Effect of various agents on the kinetics of transformation to try+ at 37 C by the deoxyribonuclease method. Chloramphenicol was added in varying / amounts to a competent culture of SB25 10 min 6 before the addition of DNA to give final concentrations between 20 and 160 ,ug/ml. These s concentrations are well in excess of those known 2 to be completely inhibitory for protein synthesis 2 in vegetatively growing cells of B. subtilis / (Strauss, unpublished data). After the addition of / DNA, samples were taken at various time interz vals; these were treated with deoxyribonuclease X and diluted in the absence of chloramphenicol 8 _ (a prior to plating on an appropriate selective medium. Controls were run which were identical, ./ except for the omission of chloramphenicol. The addition of chloramphenicol had no effect on the 4 lag or on any aspect of the kinetics curve. These results indicate that protein synthesis does not play an important role in the entry process.
Variations in DNA concentration over a 50-fold range had no effect on the length of the lag or the 
FIG. 5. Termination of transformation by wash-
The double stranded helix of DNA treated ing instead of deoxyribonuclease. Strain SB25 was with HNO2 was reported to be cross-linked by brought to competence and exposed to wild-type means of covalent bonds (Geiduschek, 1961 (1961) . The kinetics curve obtained for trans-B).
formation by HNO2-DNA showed no change in VOL. 89, 1965 the lag compared with that obtained with untreated DNA when either his2+ or try2+ transformants were measured, although the overall rate of appearance of transformants was substantially reduced. These results indicated that cross-linking has no effect on the delay in the appearance of transformants. DiscussioN The data presented above serve to characterize to some extent the nature of the events which occur early after the addition of transforming DNA to a competent culture of B. subtilis. It is readily apparent that the manner in which transformants appeared as a function of time depended upon the method used to terminate the transformation. If deoxyribonuclease was used to prevent further transformation, the kinetics were characterized by a lag period lasting 1 to 1.5 min, with subsequent appearance of transformants at an increasing rate ( Fig. 1 and  2 ). In contrast, the separation of competent cells from transforming DNA by a washing procedure resulted in kinetics which showed no lag and which were linear for nearly 6 min (Fig. 5) .
These findings lead to the following conclusions. Effective attachment of DNA to the cell occurs with unmeasurable velocity upon mixing the cells with the DNA. This conclusion is based on the finding that the washing procedure permits transformation to proceed from zero time. The linearity of the plot from zero time can also be construed as an indication that only the DNA which is in the process of obtaining entry into the cell resists the washing procedure. Were this not so, it would appear that transformants were present at zero time. This procedure, therefore, provides a measure of the rate of transformation of the population, and it also implies that the rate-limiting step is not that of adsorption. Despite the rapid attachment of DNA, deoxyribonuclease can prevent the expression of the marker for 1 min, indicating that some relatively slow process takes place after attachment which renders the potential transformant insensitive to deoxyribonuclease, and which requires a definite period of time.
The strong inverse dependency of the length of the lag period on the temperature, as indicated in Fig. 4 , and the magnitude of the energy of activation, suggest that the period of time necessary to render the transformation deoxyribonuclease-insensitive involves an enzymatic process. The possibility that cellular entry of DNA is accomplished by an energy-requiring system has been suggested by Young and Spizizen (1963) . Lacks (1962) suggested the involvement of deoxyribonuclease in the process.
Neither the concentration of DNA nor the presence of homologous unmarked DNA had any effect on the length of the lag, again indicating that the lag represents a process occurring subsequent to attachment of the DNA to the cell. Cross-linkages introduced into the double helix had no effect on the length of the lag period. Finally, the delay in the appearance of transformants bore no relationship to the genetic character which was transferred. Kohiyama and Saito (1960) suggested that the lag in the appearance of transformants with time might be due to the induction of a DNA permease, but offered little in support of this concept. This possibility now seems unlikely in view of the observation that preincubation of competent cells with high concentrations of chloramphenicol affects neither the lag nor any aspect of the kinetics curve. This observation is in agreement with the recently reported results of Nester (1964) .
The results described above are compatible with two modes of entry of DNA into the cell. The entry might occur in a linear manner (Lacks, 1962) or, alternatively, the cell might in some way coil the DNA molecule so that the entire length of the molecule becomes deoxyribonuclease-insensitive simultaneously. The characterization of this lag now provides a means for obtaining an answer to the question of which of these two models is the correct one. Evidence will be presented in a subsequent publication (Strauss, in preparation) that DNA attains insensitivity to deoxyribonuclease in a linear fashion during the process of transformation
